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†Biophysics Program and ‡Chemical Engineering Department, Stanford University, Stanford, CaliforniaABSTRACT Access to genetically encoded data depends on the dynamics of DNA-binding proteins searching for specific
target sites in the genome. This search process is thought to occur by facilitated diffusion—a combination of three-dimensional
diffusion and one-dimensional sliding. Although facilitated diffusion is capable of significantly speeding up the search in vitro, the
importance of this mechanism in vivo remains unclear. We use numeric simulations and analytical theory to model the target-
search dynamics of DNA-binding proteins under a wide range of conditions. Our models reproduce experimental measurements
of search-rate enhancement within bulk in vitro experiments, as well as the target search time for transcription factors measured
in vivo. We find that facilitated diffusion can accelerate the search process only for a limited range of parameters and only under
dilute DNA conditions. We address the role of DNA configuration and confinement, demonstrating that facilitated diffusion does
not speed up the search on coiled versus straight DNA. Furthermore, we show that, under in vivo conditions, the search process
becomes effectively diffusive and is independent of DNA configuration. We believe our results cast in a new light the role of facil-
itated diffusion in DNA targeting kinetics within the cell.INTRODUCTIONFor the information encoded in a genome to serve its biolog-
ical function, relevant regions of DNAmust be bound by site-
specific proteins, including restriction enzymes in bacteria,
chromatin-remodeling proteins in eukarya, and transcription
factors across all domains of life. These proteins generally
find their target sites through random exploration of the
eukaryotic nucleus or prokaryotic cytoplasm, and they
must do so sufficiently quickly to keep upwith themetabolic,
regulatory, reproductive, and defensive needs of the cell. This
feat is particularly remarkable given the low copy numbers
of individual DNA-binding proteins in vivo. For example,
Escherichia coli contains ~20 copies of the LacI repressor
protein (1) that must search through 4.6 million basepairs
to reach a single target.
In vitro measurements have shown that proteins can
locate their binding sites at rates far above the inherent limit
for encounters via three-dimensional diffusion (2–4). It has
been postulated that nonspecific affinity of DNA-binding
proteins can accelerate the target search process through
facilitated diffusion (5,6). This search model assumes that
a protein locates its target by a series of one-dimensional
slides along nonspecific DNA, interspersed by three-dimen-
sional excursions that can result in reattachment to a sequen-
tially proximal DNA segment (microhop), rebinding to a
distal segment (macrohop), or escape into bulk solution.
As in many biological processes, insights provided by
in vitro experiments must be translated to the relevant condi-
tions in vivo, necessitating a flexible quantitative platform
that is capable of addressing behavior over a broad rangeSubmitted March 27, 2011, and accepted for publication June 23, 2011.
*Correspondence: ajspakow@stanford.edu
Editor: Laura Finzi.
 2011 by the Biophysical Society
0006-3495/11/08/0856/10 $2.00of conditions. Our goal in this work is to incorporate the
facilitated diffusion mechanism into a computational and
theoretical model to reveal the range of behaviors that are
relevant to in vitro and in vivo target-site search dynamics.
A number of experiments support the facilitated diffusion
model and help quantify the key dynamic parameters. Single
molecule fluorescent tracking has been used to measure
off-rates and one-dimensional diffusion coefficients on
stretched DNA strands in vitro (7–13). Microhops on ex-
tended DNA have been directly observed with fluorescent
tracking (9) and inferred from observations of proteins by-
passing bound obstacles on DNA (14). The role of nonspe-
cific DNA has been further elucidated by bulk experiments
that measure search rates as a function of DNA length (4),
processivity between multiple target sites (15,16), and local-
ization to targets on catenated DNA rings (17). Fluorescent
tracking studies in vivo have allowed the measurement of
kinetic and transport coefficients for transcription factors
undergoing facilitated diffusion in a living cell (8).
Theoretical efforts at quantifying facilitated diffusion were
pioneeredwith the classic analyticalmodel ofBerg et al. (3,4),
which considered the target search as a multistage process
of binding and unbinding from nonspecific DNA. A simple
model consisting of a series of bulk excursions and local ex-
plorationswas later proposed (6).Other analytical approaches
considered alternating on- and off-cycles required to reach the
target (18–22). Reaction-diffusion approaches have been
employed to systematically examine scaling regimes (23)
and DNA coiling effects (24). Several studies have focused
on the transport properties of a protein undergoing facilitated
diffusion, both in a crowded three-dimensional environment
(25,26) and as an effective one-dimensional motion (27).
A number of these analytical approaches reveal an optimum
target-search rate when a protein spends approximatelydoi: 10.1016/j.bpj.2011.06.066
FIGURE 1 (a) Schematic of protein propagation within our facilitated
diffusion simulations. The protein (red) diffuses within a box containing
a single DNA chain (blue) using either spherical Green’s function methods
or Brownian dynamics steps to simulate three-dimensional motion. Upon
binding, the protein slides along the DNA contour until it either unbinds
or hits the target site (magenta). (b) Example simulation trajectory.
(Spheres) Protein positions at equispaced time intervals with color propor-
tional to time. (Gray) DNA.
In Vitro and In Vivo Target-Site Search 857equal time on and off the DNA (18,23,27,28). Several numer-
ical simulation studies examined the role of binding strength
in facilitated diffusion (29–31).
In this work, we present simulations that directly model
in vitro and in vivo target site search through facilitated diffu-
sion to highlight the different roles played by this process in
various regimes. Our simulations reproduce the nonmono-
tonic dependence of the search rate on binding affinity that
has been previously seen in experimental (4), analytical (3),
and computational (28) studies. We examine the role of
DNA configuration in facilitated diffusion by simulating
target search on extended versus coiled DNA, with compar-
ison to analytical models. Finally, we model the search
process in vivo by using parameters that are relevant to LacI
diffusion in E. coli. Our results, which closely match experi-
mentally measured target search times, validate a simple
effective description of facilitated diffusion in a living cell.a
b
c
FIGURE 2 Schematic of analytical models with multiple association
levels for: (a) Coiled DNA(3). Sliding to target after nonspecific binding
occurs at rate k2. Microscopic dissociation and association rate constants
are kon and koff. Association and dissociation from the vicinity of a local
DNA segment within the coil occurs at rates keff, L. Interchange between
the entire coil and empty solution occurs with association rate constant k1
and dissociation rate k–1. (b) Straight DNA. L is the rate of dissociation
from a localized region within which transport is effectively one-dimen-
sional, and ks is the rate of rebinding from the edge of this region. Initial
binding rate from bulk is k0. (c) Effective diffusion to an antenna region
in vivo. In the vicinity of the target site, binding occurs at effective rate kant.METHODS
Simulation overview
We numerically model facilitated diffusion using a hybrid dynamic Monte
Carlo and Brownian dynamics simulation. The DNA is treated as a discre-
tized semiflexible chain, which is packed into a cubical box of appropriate
volume to give a specific concentration. Except where otherwise noted, we
neglect steric exclusion and dynamics of the DNA chain; the validity of
neglecting these effects is tested explicitly in the Results and Discussion.
Details of the methods for generating DNA conformations are provided
in Section S1A in the Supporting Material. The protein undergoing facili-
tated diffusion is treated as a point particle that can be either bound or
unbound to the DNA.
The simulation begins with the protein in the unbound state at a random
position, undergoing three-dimensional diffusive motion with diffusion
coefficient D3. Whenever the protein is within the capture radius a ¼
6 nm of some segment of the DNA chain, it is capable of binding to the
chain at the rate konLavail/(4/3pa
3), where kon (units of M
1 bp1 s1) is
the second-order binding rate constant per unit length, and Lavail is the
length of DNA within the capture radius. We note that the capture radius
was selected to approximate the distance at which a LacI protein and
DNA chain would come into steric contact. At the salt concentrations dis-
cussed in this article, the length-scale for electrostatic interactions lies in the
0.5–2.5 nm range, and is thus encompassed by the capture region. As soon
as the protein moves>1 nm away from any part of the DNA capture region,
its motion is propagated by an alternate method.
Specifically, we consider the largest sphere surrounding the protein that
does not overlap the capture region of any DNA segment. We select an exit
time from the first-passage distribution for diffusive exit from a sphere (32)
and then allow the protein to leave the sphere at a uniformly random
position on its surface. We note that for randomly coiled 50 kbp DNA,
the distance between segments is ~100 nm, so this alternate propagation
technique allows for much larger steps and consequently significant savings
in CPU time, even when the protein is within the heart of the DNA coil.
Once the protein binds to the DNA it diffuses in one dimension along
the DNA contour with a diffusion constant D1. Unbinding times are expo-
nentially distributed with a rate constant koff. A bound propagation step
culminates in the protein either encountering an absorbing boundary at
a target site, or returning to the unbound state. The protein continues to
cycle through bound and unbound states until it slides into a target-site
while bound. A schematic of the simulation steps and an example protein
trajectory are illustrated in Fig. 1. Section S1 in the Supporting Material
describes the numerical algorithms for both one-dimensional and three-dimensional propagation, as well as the extraction of an overall target
search rate constant from the simulation results. The simulation parameters
for each of the calculations described in this article are summarized in Table
S1 in the Supporting Material.Analytical models
We compare our simulation results to approximate analytical models for
coiled, straight, and confined DNA. For coiled DNA in vitro we use the
classic model developed by Berg et al. (3) and Winter et al. (4). This model
treats the association and dissociation of the protein with nonspecific DNA
as a series of stages (Fig. 2 a). It approximates the segments of a singleBiophysical Journal 101(4) 856–865
858 Koslover et al.DNA coil as being uniformly distributed throughout a sphere of radius rg,
the radius of gyration for the chain.
The protein binds nonspecifically to the DNA coil as a second-order
kinetic process with an effective rate constant k1 (units of M
1 s1). The
binding position is assumed to be uniformly distributed on the coil. Once
bound, the protein can either slide to the target site (at rate k2) or unbind
from the DNA (at rate koff). If the protein does not move far enough
away to encounter any DNA segments other than the one it just left, it can
rebind to the same segment with rate constant kon (units of M
1 bp1 s1).
The on- and off-rate constants kon and koff constitute the microscopic level
of association,which includesmicrohops and slides. At this level, the protein
effectively carries out a one-dimensional motion along the DNA chain, and
we assume it remains within a cylinder of radius rc, the typical distance
between DNA segments. The rate for a bound protein to leave this region
and begin diffusing throughout the DNA coil is defined as L, whereas the
corresponding effective binding rate within the coil is keff (units of s
1). At
this level of association, the protein loses memory of its position along the
DNA chain, but remains within the domain of a single coil. The final level
of association corresponds to a protein leaving the domain of the DNA
molecule entirely and diffusing into bulk solution, which it does with rate
k–1. The on- and off-rates at each level of binding are related to Keq, the
equilibrium binding constant per unit length,
Keq ¼ k1
2Lk1
¼ pr
2
c keff
L
¼ kon
koff
; (1)
where 2L is the contour length of the DNA.
Given this multistep picture for protein and DNA association, the overall
rate constant for finding the target site is given by
ka ¼ k2k1
k1 þ k1=V þ k2; (2)
where V is the volume per DNA molecule and the rate constant ka has units
of M1 s1. Details for calculating the individual rate constants at the
different levels of association are provided in Section S2A in the Supporting
Material.
We use a similar approach in developing an approximate analytical model
for facilitated diffusion on straight DNA. Unlike previous exact solutions of
this problem (33), our model has the advantage of yielding a closed-form
target-search rate constant, which can be directly compared with simulation
results across different parameter regimes. A schematic of themodel is illus-
trated in Fig. 2 b.We begin by considering the protein bound to aDNA chain,
which is enclosed in a reflective cylindrical box of radius L, or half the chain
length. The protein can hop on and off the DNA (with rate constants kon and
koff) while still executing an effective one-dimensional motion, so long as it
does not move beyond a predefined distance from the chain. We define this
distance s such that microhops within this radius do not lose track of the
protein’s position on the DNA. After leaving s, the protein is assumed to
rebind uniformly on the DNA chain. The rate L of a bound protein leaving
this cylinder, as well as the overall rate of rebinding (ks , units of s
1) for a
protein starting at radius s can be calculated by solving the diffusion equa-
tion in cylindrical coordinates. The initial binding rate k0 (units of s
1) for
a protein that starts uniformly distributed within the large reflective cylinder
can be similarly calculated. The sliding rate k2 is found in the same manner
as for the coiled chain. Finally, to compare with simulations in a box of
arbitrary size, we treat binding processes beginning outside the s radius as
second-order reactions, so that the rates ks and k0 are scaled by the volume
per DNAmolecule. The overall rate constant of reaching the target sitewhen
the DNA concentration is [DNA] ¼ 1/V is given by
ka ¼ 2pL
3
1
k0
þLþ 2pL
3ks=V
k2ks
: (3)Biophysical Journal 101(4) 856–865Details of the calculations are provided in Section S2B in the Supporting
Material.
The previously described classic model for coiled DNA can easily be
modified for DNA under confinement. Specifically, the outermost associa-
tion level in Fig. 2 a is no longer included because a single DNA molecule
fills up the entire available volume. The radius rc of the cylinder around
individual DNA segments can be approximated so that such cylinders fill
up the volume, 2pLrc
2 ¼ V. The overall rate for a single protein to find
the target site is then given by
ktarget ¼ k2keff
Lþ keff þ k2: (4)
For the parameter range relevant to LacI-facilitated diffusion in E. coli,
the target search process can be approximated by a simple model of effec-
tive diffusion throughout the cell, followed by binding within an antenna
region of the target site. In this antenna model, illustrated in Fig. 2 c, the
rate to hit the target is approximated as
ktarget ¼ 4pDeff ½Pphit

‘r 
ﬃﬃﬃﬃﬃﬃ
D3
kant
r
tanh

‘r
ﬃﬃﬃﬃﬃﬃ
kant
D3
r 
; (5)
where Deff is the effective diffusion rate constant through the cell, [P] is the
protein concentration, kant (units of s
1) is the effective binding rate in the
antenna region, ‘a is the size of the antenna region, and phit is the probability
of sliding to the target site before unbinding from the DNA antenna. Equa-
tion 5 stems from the solution of the reaction-diffusion equation in spherical
coordinates, with a central sphere that absorbs uniformly at rate kant. In this
model, the antenna DNA has length ‘a ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2D1=koff
p
and the antenna
capture region has radius ‘r ¼ ‘a þ a. Binding within the region occurs
at the rate kant ¼ kon/(4/3pa3) hLavaili, where the average length of available
antenna DNA is hLavaili ¼ 2‘aa3/‘ r3. The probability of sliding to a target
when starting distributed over a length ‘a before unbinding at rate koff is
phit ¼ tanhð
ﬃﬃﬃ
2
p Þ= ﬃﬃﬃ2p , independent of the parameters (see Eq. S7 in the Sup-
porting Material). This approximate model is applicable when there is rapid
equilibration between unbound and nonspecifically bound states of the
protein, when unbinding is sufficiently fast that the antenna can be approx-
imated as straight, and when the binding rate constant kon is low enough that
dissociation from the antenna results in the protein resuming bulk search
throughout the cell.RESULTS AND DISCUSSION
Target search acceleration in vitro
A number of experimental (2,3,34) and theoretical (3,6,23)
studies determined that, under certain conditions, facilitated
diffusion can allow a target search rate significantly above
the limit that can be achieved by ordinary three-dimensional
diffusion. One of the key results supporting this notion
comes from the experiments of Winter et al. (4), which
measured the time required for LacI to find a single target
site on dilute 50-kbp DNA as a function of binding strength
(modulated by salt concentration). We find that simulations
with our two-state transport model can approximately
reproduce the search acceleration observed in these experi-
ments, as well as the nonmonotonic dependence of search
rate on binding strength. In these simulations, we use a
three-dimensional diffusion constant (D3) appropriate for a
LacI-sized protein in water, and a binding rate constant
(kon) that is sufficiently large for binding to be entirely
In Vitro and In Vivo Target-Site Search 859diffusion-limited. The equilibrium binding constant (Keq ¼
kon/koff) is expressed as a previously-measured function of
salt concentration (4,35).
The results of these simulations, illustrated in Fig. 3,
show three regimes for the target site search process as a
function of nonspecific binding. In the case of large Keq,
the search consists of a rapid initial binding event followed
by a slow one-dimensional slide toward the target site. In
this regime, the overall rate for reaching the target site can
be approximated as the rate for sliding to an absorbing
barrier via one-dimensional diffusion from a uniform initial
distribution. The corresponding rate constant is given by
ka/V ¼ 3D1/L2, where D1 is the sliding diffusion constant,
V is the volume per DNAmolecule, and 2L is the total length
of DNA. This limit corresponds to the dashed line in Fig. 3.
We note that the one-dimensional diffusion constant for our
simulations was selected specifically to match the experi-
mental data in this regime.
In the weak binding regime (low Keq), the search is domi-
nated by the time required to initially bind the DNA and the
high probability of diffusing away upon unbinding. Because
nonspecific binding is required in our model to recognize
the target site, the rate of finding the target slows down as
the nonspecific binding strength decreases. This drop-off
in rate can be explained in large part as a decrease in the
size of the antenna surrounding the target site, within which
the protein must bind so that it can slide into the target
before unbinding (6,23).
Intermediate between these two regimes lies the region
where facilitated diffusion results in the greatest accelera-
tion of the search. In this regime, the protein performs a
sufficient number of short- and long-range hops to take
advantage of rapid three-dimensional transport while also
having a long enough sliding length to significantly widen
the effective target for binding. The peak in the target search
rate occurs at approximately Keq ¼ V/(2L). At this optimal
binding strength, the protein spends equal times on andFIGURE 3 Simulation of facilitated diffusion on 50 kbp DNA at 1 pM concen
(Black dots) Experimental data (4); (blue solid line) simulation results; (green d
diffusion limit. (Right) Representative target-search trajectories in regimes of (
position is shown every 10 ms with color proportional to time. (Lines) Unbindioff the DNA, a condition that has been previously shown
via scaling arguments to optimize the target search rate
(18,23). We note that the width of the peak is primarily
determined by the dependence of equilibrium binding
strength Keq on the salt concentration. This dependence
has been proposed to become weaker in the dilute salt
regime (4), potentially explaining the discrepancy in peak
width between simulations and experiments.
In addition to the well-known effect of increasing the
effective target size by widening the antenna of DNAwithin
sliding range, facilitated diffusion can accelerate the search
process by essentially tethering the protein to the DNA—
that is, by increasing the effective protein concentration in
the vicinity of the chain. The magnitude of this tethering
effect is dependent on the concentration of DNA, with
acceleration above the diffusion-limited rate observed only
if the DNA is sufficiently dilute (Fig. 4).
In Fig. 4, we see that the second-order rate constant ka for
finding the target site is concentration-independent at low
[DNA], whereas at high concentrations it varies inversely
with [DNA]. Equivalently, the overall rate to find the target
varies linearly with [DNA] at low concentrations but
becomes independent of [DNA] for high concentrations.
This effect is a manifestation of the transition from a
second-order to a first-order reaction. When the DNA is
dilute, the search is dominated by the time required to find
individual DNA chains, whereas when the volume per
DNA chain approaches the size of the chain itself the search
is dominated by intramolecular transport within a single
chain.
The target search rate drops well below the diffusion limit
once the DNA becomes sufficiently concentrated. The teth-
ering effect only has a meaningful role to play when the
DNA takes up a small fraction of the volume available to
the protein. For densely packed DNA in vivo, facilitated
diffusion would therefore not be expected to provide signif-
icant acceleration above the diffusion-limited rate.tration. (Left) Salt dependence of rate constant for reaching target site (ka).
ashed line) pure sliding limit; and (red dash-dotted line) three-dimensional
i) strong binding, (ii) intermediate binding, and (iii) weak binding. Protein
ng and rebinding events. (Gray) Chain configuration.
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FIGURE 4 Effect of DNA concentration on target search. Simulated
search rate constants (ka) are shown for three different binding strengths.
(Cyan line) Diffusion-limited rate constant. (Dashed black line) Scaling
at high DNA concentrations. (Dashed vertical lines) Concentration at
which the time to find a DNA coil and the search time within the coil are
equal, according to analytical model for coiled DNA. (Insets) Size of the
simulation box for two different concentration values.
860 Koslover et al.Role of DNA configuration in vitro
One of the key questions that arises in analyzing target site
search by facilitated diffusion concerns the role played by
the DNA conformation (23,24,36). In the simplest extreme,Biophysical Journal 101(4) 856–865we can compare the rate of finding the target site on relaxed,
coiled DNA to that on DNA that has been stretched out into
a straight configuration. Prior studies (24) indicate that coil-
ing of the DNA should speed up the search by allowing hops
between sequentially distal DNA segments that are prox-
imal in space. We use simulations to explore whether such
an acceleration on coiled versus straight DNA is consistent
with the picture here afforded by the facilitated diffusion
model.
Using an approximate analytical theory, we calculate the
search rate as a function of kon and koff for a straight 50-kbp
chain of DNA confined in a box just large enough to enclose
the chain (Fig. 5 a). According to this model, the coiled
DNA speeds up the search by at most 20% for the parame-
ters used here (Fig. 5 b). We see that even without the coiled
DNA configuration required for macrohops, the search rate
depends nonmonotonically on the equilibrium binding
strength (Keq ¼ kon/koff). For high on- and off-rates, where
the binding is diffusion-limited and the sliding length is
much shorter than the full length of the DNA, the rate is
determined entirely by Keq and is maximized at 2LKeq ¼
1/[DNA], the binding strength that allows the protein to
spend equal times on and off the DNA.
We note that the protein slides an average distance ofﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
D1=koff
p
before unbinding and that there is no singleFIGURE 5 Facilitated diffusion on coiled versus
straight 50 kbp DNA. (a) Target search rate
constant (ka) as a function of on- and off-rates,
from analytical model for straight DNA. (b) Ratio
of search rates using analytical models for coiled
and straight DNA. (c) Slices through the surface
plots at (i) constant kon, (ii) constant koff, and (iii)
constant Keq, comparing simulation results with
analytical theory.
In Vitro and In Vivo Target-Site Search 861sliding length corresponding to optimum search. However,
we can define an effective sliding length for the coil as the
typical distance traveled without encountering a distal
DNA segment. In the limit of high kon, this effective length
is given by x ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃD1Keq logðrc=aÞ=ð2pD3Þp . This expression
is analogous to the sliding length described in previous
studies (6,28), where it was used as a measure of the length
traveled effectively in one dimension along the DNA
contour before embarking on a three-dimensional search.
The optimum effective sliding length for the parameters
used here is xz 1400 bp, a much larger value than expected
for crowded DNA in vivo (28) but comparable to the lengths
measured in dilute solution (37).
To check the accuracy of the approximate analytical
models, we run simulations for several slices through the
surface plot using both straight and coiled DNA (Fig. 5 c).
The simulations indicate that the coiled DNA model some-
what overpredicts the target search rate, although the quali-
tative features of the kon and koff dependence are well
modeled. As a result, we find that target search through
facilitated diffusion actually occurs at least as fast or faster
on stretched rather than coiled DNA. Similar results are seen
for more dilute DNA where the stretched configuration no
longer spans the entire length of the simulation box (see
Fig. S2 in the Supporting Material).
The slightly greater target search rates on stretched DNA
may be explained by the interchange of protein between
bulk solution and nonspecific DNA. A protein in solution
will more rapidly locate a long, thin chain of DNA stretched
across the length of the box than a dense coil occupying a
small volume in three-dimensional space. This effect speeds
up target search on a straight rod in the case of intermediate
binding strength, where the process is still dominated by
three-dimensional excursions but the protein spends suffi-
cient time bound to make its ability to find nonspecific
DNA useful. In the limiting case of very strong binding,
there is a very slight preference for stretched DNA due to
the distribution of binding positions for a protein approach-
ing from the bulk. On coiled DNA, the protein has a greater
probability of binding toward the edges of the chain so that
a longer time is required to slide in toward the target site,
which is located in the center for these simulations. With
very weak binding the search problem is reduced to finding
an antenna region around the target site by three-dimen-
sional diffusion, and the DNA conformation on length scales
much longer than the antenna makes no difference to the
overall rate.
The comparable acceleration of the search process on
straight as well as coiled DNA implies that the tethering
effect keeping the protein in the vicinity of the DNA has
a much greater role to play than the intrachain macrohops
commonly held to be the keystone feature of facilitated
diffusion, a concept that has been recently called into ques-
tion (38). We note that our results differ qualitatively from
prior theory that implied faster target site search on coiledDNA (24,36). Whereas these prior studies focused primarily
on protein motion within the DNA coil, our theory and
simulations take into account protein excursions into bulk
solution and the concomitant tethering effect that arises at
low DNA concentrations. Our model does not, however,
include direct intersegmental transfers for proteins with
multiple DNA binding sites; a significant configuration-
dependent speedup of the search may be possible for such
proteins (39).
Recent single-molecule experiments found that target
search occurs up to twice as fast on coiled as on straight
DNA (36) at high salt concentrations. A simulation using
relevant parameters for this system yields rates that are close
in magnitude to the measured results but show no difference
between stretched and coiled DNA (see Fig. S3). Although
the authors argue that the acceleration is caused by the
increased availability of macrohops in the coiled DNA,
our calculations imply that the classic facilitated diffusion
process, in and of itself, is insufficient to explain the config-
uration dependence of the search rates. Instead, either the
experimental details or alternate physical effects that are
not encompassed by our model must be responsible for
the observations.
One physical effect neglected in our simulations is the
dynamics of the coiled DNA, which would help randomize
the distribution of macrohops over time. To test the magni-
tude of this effect on the reported results, we run simulations
where the configuration of the full DNA chain is reequili-
brated at each unbinding event. Although we find that the
target search rates on coiled DNA do increase for the 50-kbp
chain, they remain no higher than the rates on stretched
DNA except in the case of very rapid unbinding (Fig. S4).
For the parameter regime relevant to the single-molecule
experiments (36), reequilibration of the DNA had no
discernible effect on target search rates (Fig. S3). Full re-
equilibration at each hop serves as the opposite extreme to
a frozen DNA chain, and the similarity of the results implies
that a more careful model of the DNA dynamics is unlikely
to change the overall conclusion that facilitated diffusion
occurs no faster on coiled than on stretched DNA.Target-site search in vivo
To study the role of facilitated diffusion in living prokary-
otes, we run simulations designed to model lac repressor
(LacI) searching for its target site in E. coli. We obtain
our simulation parameters from in vivo single-molecule
observations (8) (see Table S1). The simulation (with no
free fitting parameters) accurately reproduces the experi-
mentally measured mean time, t z 60 s, for one of three
LacI proteins to find one of two target sites (Fig. 6).
It is worth noting that the rate to reach the target site
at in vivo conditions is slower than would be expected
through pure three-dimensional diffusion. For the parame-
ters used here, the pure diffusion-limited rate is givenBiophysical Journal 101(4) 856–865
FIGURE 6 Cumulative time distributions for one of three LacI proteins
to hit one of the two target sites in a simulated E. coli system with different
genome packing arrangements. Simulation parameters and experimental
data were drawn from Elf et al. (8). The time constant t is determined by
fitting to a single exponential. (Right) Sample configurations of DNA.
The crowded packing includes steric exclusion among DNA segments
and between DNA and protein.
FIGURE 7 Mean-square displacement along longest cell axis for tracked
proteins undergoing simulated facilitated diffusion in E. coli. Proteins start
either bound (:) or unbound () to the DNA. (Dashed lines, top to bottom)
Effective motion for unbound diffusion, overall effective three-dimensional
diffusion, and sliding (color online), respectively (color online).
862 Koslover et al.by 4pD3a/V  2  3 z 1.4 s1, nearly two orders-of-
magnitude faster than the measured 0.017 s1 rate. This
result is a manifestation of the high nonspecific DNA
concentration in vivo, which eliminates the tethering effect
that is in large part responsible for search acceleration via
facilitated diffusion.
We find the same approximate rate of target site search
for three different arrangements of DNA within the cell.
Specifically, we compare a confined random coil to an
arrangement with 60 sequentially connected loops that has
previously been proposed for E. coli genome packing
(40). We also consider a crowded system that incorporates
steric exclusion effects by forbidding the protein to
approach within 5 nm of the DNA chain and packing the
DNA chain so that no two segments come within 5 nm of
each other. The similar results for these different arrange-
ments indicate that the precise geometry of DNA within
a cell has little effect on the facilitated diffusion process.
The reason behind this lack of sensitivity can be under-
stood by considering the displacement of the protein over
time (Fig. 7). We find that within a few milliseconds the
protein begins to experience an effective diffusive motion,
with the diffusion coefficient given by Deff ¼ fbD1/3 þ
(1 – fb)D3, where fb ¼ 2LKeq/(V þ 2LKeq) is the fraction
of time spent bound, as expected for a rapidly equilibrating
system (8). For biologically relevant kinetic parameters, the
details of the DNA geometry are thus washed out in the
effective diffusion at timescales much shorter than that
required to find the target site.
Prior theoretical studies have considered the role of DNA
conformation on target site search in vivo by treating the
overall transport process as diffusion on a fractal (41,42) or
through simulations that included subdiffusive three-dimen-
sional transport induced by crowded conditions in the
nucleus (26). We emphasize that the insensitivity to DNA
arrangement observed in our study requires the DNA to beBiophysical Journal 101(4) 856–865straight on the scale of the sliding length and the unbound
protein motion to be diffusive. Although large RNA-protein
particles and genomic loci move subdiffusively in the E. coli
cytoplasm (43,44), analyses of in vivo transport of proteins
comparable in size to LacI suggest diffusive motion (8,45).
For the parameters used to model the transport of LacI
in E. coli, the sliding length (~20 nm) is smaller than the
persistence length of naked DNA. However, in the case of
the eukaryotic genome, which is tightly packed on compa-
rable length scales, it may be that the effective three-dimen-
sional motion of some DNA-binding proteins ceases to be
classically diffusive.
The target search process on a confined genome can be
approximated with the classic model for coiled DNA (3),
modified as described in Methods. Although this model
explicitly takes into account the interchange between sliding
and three-dimensional hops, a much simpler analytic
approximation can be made for the parameter regime in
this study. Specifically, we treat the target search process
as effective diffusion to an antenna region around the target
site whose size is defined by the sliding length. We find that
both models match the simulation results near the experi-
mentally relevant parameters for this system, and that the
former model provides a good approximation to the results
in the entire range of parameters studied (Fig. 8).
Much as in the invitro results (Fig. 5), the target search rate
depends nonmonotonically on both kon and koff. However,
this system is not in a regime of diffusion-limited binding
(i.e., kon < D3). Consequently, raising the on- and off-rates
at a constant binding affinity Keq steadily increases the target
search rate (Fig. 8 (iii)) in the vicinity of the experimental
parameters. The maximum search rate would be reached
when both kon and koff are several orders-of-magnitude larger
and the protein spends half of its time bound to the DNA
(Keq z 140 M
1 bp1). However, if there are inherent
physical limits on the rate of nonspecific unbinding, then it
FIGURE 8 (a) Rate (ktarget) for a single LacI
protein to find one target site in E. coli, as a func-
tion of kon and koff, calculated with modified classic
model for confined DNA. (Central black dot)
Experimentally measured parameters (8). (b)
Slices through the surface plot comparing simula-
tion results, classic model, and effective diffusion
to an antenna at (i) fixed kon, (ii) fixed koff, and
(iii) fixed Keq. (c) Optimal fraction of time spent
bound for different off-rates, calculated with the
classic model. (Dashed lines) Experimental values
of the off-rate and fraction bound.
In Vitro and In Vivo Target-Site Search 863becomes advantageous for the protein to spend a greater frac-
tion of its time bound to the DNA (Fig. 8 c). This effect is
a direct consequence of the crowded nature of the in vivo
system.CONCLUSIONS
Our work uses a combination of analytical theory and
simulations of hopping and sliding along nonspecific DNA
to model target-site search through facilitated diffusion
in vitro and in vivo. Our detailed treatment of the multiscale
transport processes reveals the essential mechanisms that
dictate the overall target-site search rate, providing a clear
identification of the conditions where facilitated diffusion
accelerates the search kinetics. We reproduce the rapid
search rates that are a hallmark feature of facilitated diffu-
sion in vitro (4). However, the crowded environment in vivo
ensures that the target search is reduced to an effective diffu-
sion process that is slower than pure three-dimensional
diffusion.
Our simulations help to highlight two mechanisms—an
antenna effect and a tethering effect—through which facili-
tated diffusion can speed up target site search above the
nominal diffusion limit. The antenna effect, which haspreviously been described by several groups (6,23), extends
the effective size of the target by allowing the protein to bind
nonspecifically to a stretch of DNA equal to a typical sliding
length and then find the target rapidly in one dimension.
Effectively, this is a short-range effect that is independent
of the DNA configuration on length scales greater than the
antenna length itself. The tethering effect corrals proteins
in the vicinity of the DNA via nonspecific binding, thereby
increasing the effective protein concentration near the target
site. This effect plays an important role under dilute in vitro
conditions, where the DNA chains take up a small fraction
of the volume available to wandering proteins.
We find that the antenna and the tether effect together are
sufficient to produce target search rates significantly above
the diffusion limit on both straight and coiled DNA. One
of the key conclusions from our study is that rapid target
search through facilitated diffusion does not require macro-
hops that span sequentially distant regions of DNA looped
close to each other in space. Although it has been proposed
that the juxtaposition of distal DNA regions should enhance
the search on coiled versus straight DNA (24), we find this
effect is overshadowed by protein interchange between
nonspecific DNA and bulk solution. Based on our simula-
tions, target search occurs at least as fast when the DNABiophysical Journal 101(4) 856–865
864 Koslover et al.is stretched out into a straight rod as when it is allowed to
form a random coil.
The DNA configuration also seems to make little differ-
ence in how quickly a protein finds its target site under
in vivo conditions. For LacI in E. coli, protein transport
through a combination of one-dimensional sliding and
three-dimensional jumps reduces to an effective three-
dimensional diffusion on timescales much shorter than the
time required to find the target site. The overall target-site
search process in this regime behaves as effective diffusion
to a short antenna of DNA around the target site followed by
rapid sliding to the target. The packing arrangement of the
DNA washes out in the overall diffusive transport.
Our results highlight the different roles played by facili-
tated diffusion in vitro and in vivo. For dilute DNA mole-
cules in vitro, the tethering effect can yield target search
rates significantly faster than those that would be achieved
by pure three-dimensional diffusion throughout the large
available volume. Within a living cell, however, nonspecific
binding to the highly crowded genomic DNA primarily
slows down protein transport, leading to search rates that
are slower than the diffusion limit. In both cases, there
is a local antenna effect that modulates the size of the effec-
tive target region leading to a nonmonotonic dependence of
the target search rate on binding strength. Although in vitro
search rates are generally optimized at the equilibrium
binding strength that enables the protein to spend half its
time bound to the DNA, the optimal binding strength in vivo
depends on the unbinding rate and, for the parameters
studied here, appears to require that the protein spend a
significantly higher fraction of its time nonspecifically
bound.
The focus of this work is on the role of DNA configura-
tion, concentration, and confinement in facilitated diffusion
within in vitro and in vivo systems. Our basic simulation
model can be adapted to incorporate other effects such as
stationary and mobile obstacles on the DNA, colocalization
of prokaryotic transcription factors and their target sites
(19), and processivity between multiple targets (15). This
work, which directly and quantitatively models facilitated
diffusion under in vivo conditions, forms the foundation
for building a physically motivated theory of genome pro-
cessing kinetics in living cells.SUPPORTING MATERIAL
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